This paper presents the online test and evaluation of the performance of five practical control strategies (fixed set-point control method, fixed approach control method, two near optimal strategies and one optimal strategy) for building cooling water systems to identify the best strategy for future field validation. All of these strategies were tested and evaluated in a simulated virtual environment similar to the situation when they are actually implemented in practice. A virtual building system representing the real building and its central chilling system was developed and used to test the operational performance of the system controlled by different strategies. The packages of each control strategy are separately computed by the application program of Matlab, as the control optimizers to identify the necessary control settings for the given condition based on the collected operation data. The data exchanger between the virtual building system and the control optimizer was managed by a software platform through a communication interface. The results showed that the optimal control strategy is more energy efficient and cost effective than the other strategies, and its computational cost is manageable and can satisfy the 2 requirements of practical applications. This strategy is being implemented in a super highrise building for field validation.
Introduction
Energy saving and CO 2 emission reduction are among the most important issues receiving international attention. An increased awareness of these issues has motivated the practitioners in the HVAC (heating, ventilating, and air-conditioning) field to apply the most advanced design philosophies and extensive control strategies for HVAC systems to enhance their energy efficiency and provide robust operational performance. Cooling water systems as the major function components of building HVAC systems, often contribute significant portions to the total energy consumptions of overall HVAC systems [1] .
Therefore, proper and optimal control the operation of cooling water systems has significant impacts on energy efficiency of buildings besides proper system designs and selection and maintenance of individual components.
To achieve efficient and reliable control and operation of HVAC systems in practice, two essential issues should be considered carefully prior to in-situ implementation of the control strategies. One is to select/develop the proper control strategy and the other is to test and evaluate the control performance and economic feasibilities of the control strategy by means of appropriate test methods.
During the past two decades, many researchers and experts in the HVAC field have devoted considerable efforts on energy efficient control and operation of building cooling water systems. These efforts have resulted in a number of near optimal and optimal control strategies readily available in literature [1] [2] [3] [4] [5] [6] [7] . Among the existing control strategies, two basic strategies are the fixed set-point control method and the fixed approach control method [2, 3] . The fixed set-point control method is to vary the cooling tower air flow rate to maintain a constant condenser water supply temperature set-point while the fixed approach control method is to vary the cooling tower air flow rate to maintain a constant temperature difference between the cooling tower outlet water temperature and ambient air wet-bulb temperature. Several near optimal control strategies have been proposed to determine a near optimal condenser water supply temperature set-point, and then utilize this temperature set-point to approximately control the operation of cooling towers [2, 4, 5] .
These strategies are commonly simple enough and easy to implement in practice. However, they cannot provide the true optimal settings, which might provide the settings significantly different from the optimal values, and a significant amount of energy might still be wasted.
To maximize the operating efficiency of cooling water systems, several optimal control strategies have been developed [1, 6, 7] . Some of these strategies [1, 6] used global optimization techniques to systematically optimize the operation of cooling water systems, and some of them [7] aimed at operating cooling water systems economically as possible while still satisfying the constraints and requirements of practical applications, i.e., computational cost, control stability, etc. The performance tests of these strategies showed that a substantial amount of energy in cooling water systems can be saved when such strategies are used.
To determine the best strategy among the existing strategies with high promises to be used in practice, the control, environmental and energy performance of the selected promising strategies are better to be tested and analyzed carefully prior to field validation.
To properly test and evaluate the performance of control strategies before in-situ validation, great efforts have been made on the construction of the virtual building systems [8] [9] [10] [11] , and the development of feasible test methods [12] [13] [14] [15] . The virtual building system representing the real building and its air-conditioning system is a valuable tool that can be used to test the performance of control strategies under dynamic working conditions, and has been widely used in assisting the building control applications [5, 8, 9, 16, 21] . In general, there are two methods, i.e., by means of emulation and simulation, that have been used to test and evaluate the performance of control strategies based on the virtual building systems. The application of the emulators to assess the performance of the real energy management and control systems (EMCSs) was well studied under the framework of the International Energy Agency (IEA) in a completed collaborative research project Annex 17. An emulator commonly consists of a virtual building system and a hardware interface that allows the virtual building system to be connected to a real control system [16] . The outputs of Annex 17 proved that the emulation is technically feasible for testing of the real EMCSs [12, 13] .
The control strategies can also be tested and evaluated by means of simulation. In this approach, various control strategies can be programmed and integrated into the virtual building systems directly to evaluate their operational performance [8] [9] [10] . Both approaches are flexible and convenient for testing the HVAC control strategies with a low cost. This paper presents online performance testing and evaluation of five practical control strategies for building cooling water systems to identify the best strategy for future field validation. The selected strategies were tested as a manner similar to the way that they can be implemented in practice. This test method is somewhat different from the existing test methods of by means of emulation and simulation. The best strategy identified in this study is being implemented in a super high-rise building in Hong Kong for field validation.
Building and System Description
The building concerned is a super high-rise building of approximately 490 m height (currently the tallest building in Hong Kong) and 321,000 m Taking into consideration the winter plume abatement purposes, two types of evaporating cooling towers (named CTA tower and CTB tower, respectively) are used in this building.
Each of the CTA towers (total of six) without heating coils has a heat rejection capacity of 5234 kW and a nominal power consumption of 152 kW at the design condition. The rated water flow rate and air flow rate of each CTA tower are 250 L/s and 142.8m 3 /s, respectively. Each of the CTB towers (total of five) equipped with heating coils has a heat rejection capacity of 4061 kW and a nominal power consumption of 120 kW at the design condition. The rated water flow rate and air flow rate of each CTB tower are 194 L/s and 6 115.5m 3 /s, respectively. All cooling towers are an in house type and the warmed water to be cooled falls freely from the water distribution basin on the top of the cooling tower down to the fill packing in the cooling towers to achieve heat and mass transfer between the water and air. All cooling towers are equipped with variable speed axial fans. The layout of both types of the cooling towers is illustrated in Fig. 2 . The six CTA towers are installed as a group. The outdoor air is drawn into a common plenum through an intake air louver before entering the six CTA towers. The five CTB towers are installed as another group, and the outdoor air is drawn into another common plenum before entering these CTB towers. There is a large distance between the two groups of cooling towers due to the space restriction of the building. The operation sequence of the cooling towers in two groups is recommended as follows by considering the flow resistances in both separate common passages (plenum and air louver) for the CTA towers and CTB towers. When an even number of the cooling towers is needed, the operating numbers of the CTA towers and CTB towers are the same.
When an odd number of the cooling towers is needed, the number of the CTA towers used is one more or one less than the number of the CTB towers used, depending on which combination results in less energy consumption.
Description and Formulation of the Five Selected Control Strategies

Outline of the Five Control Strategies
To determine the best strategy that can be implemented in practice for energy efficient control and operation of cooling water systems, five strategies considered simple enough are selected in this study. A brief description of these strategies is provided as follows.
Strategy #1: Fixed Set-point Control Method
The first strategy evaluated is the fixed set-point control method. In this strategy, the condenser water supply temperature set-point is often set at a coldest temperature to allow good efficiency of chillers. Usually, 18.3°C is suggested since most chillers can operate normally at light loads with this temperature set-point although an even more cold temperature set-point is possible [3] . This strategy maintains a predetermined temperature set-point by changing the operating number of cooling towers and/or varying the operating frequency of cooling tower fans. In this study, this temperature set-point was set as 18.3°C.
Strategy #2: Fixed Approach Control Method
The second strategy evaluated is the fixed approach control method. This strategy is to maintain a constant temperature difference (named approach) between the condenser water supply temperature set-point (i.e., the water temperature leaving the cooling tower) and ambient air wet-bulb temperature. Usually, the design approach is used. In this strategy, the ambient air wet-bulb temperature needs to be continuously monitored to derive the condenser water supply temperature set-point. This strategy intends to enhance the efficiencies of both chillers and cooling towers as possible to reduce the total power consumption of chillers and cooling towers. In this study, the design approach (5°C) is used.
Strategy #3: A Near Optimal Strategy A
The third strategy evaluated is a near optimal strategy presented in Ref. [5] . In this strategy, the condenser water supply temperature set-point is expressed as a linear relationship of the ambient air wet-bulb temperature and the ratio of the building cooling load to the design total cooling capacity of the chillers, as shown in Eq. (1). The coefficients in the relationship can be regressed from the performance maps generated by complete simulations or by testing the system over a significant range of settings and operating conditions.
Strategy#4: A Near Optimal Strategy B
The forth strategy evaluated is a near optimal strategy presented in Ref. [4] . In this strategy, the condenser water supply temperature set-point is reset using an empirical formula as shown in Eq. (2), in which the condenser water supply temperature set-point is expressed in the form of a second-order polynomial in terms of the ambient air wet-bulb temperature. The coefficients in the formula can be regressed from its corresponding performance map.
Strategy #5: An Optimal Control Strategy
The fifth strategy evaluated is an optimal control strategy developed for real-time applications [7] . This strategy is composed of the performance predictor, energy estimator (i.e., cost function), optimization technique and supervisory strategy. The performance predictor utilizes performance models to predict the system energy performance and environmental quality, as well as the system response to the changes of the control settings.
The energy estimator and optimization technique are used to determine the energy efficient control settings that minimize the overall energy consumption. The supervisory strategy is employed to provide the final decision (i.e., set-points and operation modes) taken into account the operating constraints of practical applications, i.e., the time interval between changes of two sets of the control settings should avoid an alternating fashion of ON/OFF of the corresponding components, etc.
A HQS (hybrid quick search) method as an optimization technique was developed and used to seek the optimal condenser water supply temperature set-point. In this HQS optimization technique, the near optimal strategy, as illustrated in Eq. (1), was used to determine a near optimal temperature set-point. This near optimal temperature set-point was then alternatively used as the search center to define a relatively narrow search range, as shown in Eq. (3). Based on this narrow search range defined, the exhaustive search method was then used to search for the global optimal settings with a proper increment (e.g., 0.1 K). The optimization technique determined by this manner can find the global optimal solutions with a reliable manner while still satisfying the requirements and constraints of practical applications. It is noted that the efficiency and computational performance of this HQS method is affected strongly by the effectiveness of the near optimal strategy used.
It is worthy noticing that Strategies #1-#4 can only provide the condenser water supply temperature set-point. However, for a given temperature set-point, there always exist several possible operating combinations of the number of cooling towers in operation and their individual fan speeds that can control the system to operate at the desired temperature set-point. Therefore, Strategies #1-#4 need to be further designed to make them have capabilities to identify the best combination among all possible operating combinations of the number of cooling towers operating and their fan speeds at a given temperature setpoint.
Since different performance predictors, energy estimators and supervisory strategies may result in different prediction results although the working condition is the same, the performance predictor, energy estimator and supervisory strategy used to further design Strategies #1-#4 are the same as that used to design Strategy #5, while the exhaustive search method as the optimization tool is used in Strategies #1-#4 to search for the most energy efficient combination of the number of cooling towers in operation and their fan speeds. The objective function, operating constraints, and performance models used to formulate these five strategies are presented in the subsequent sections.
Definition of the Objective Function and Operating Constraints
For any given cooling load and ambient air wet-bulb temperature, the cooling water system optimization is to minimize the instantaneous total power consumption of all energy consumers in the system. Since the condenser water pumps in the system under study are constant speed pumps and the operation of each pump is dedicated to the operation of the correlated chiller that it serves. Therefore, the optimization of this cooling water system is to minimize the instantaneous total power consumption of both chillers and cooling towers.
The objective function for this system can be expressed as in Eq. (4).
In practice, the operation of the cooling water system has to obey a number of constraints, i.e., basic energy and mass balances, mechanical limitations, etc. The heat rejected in the cooling towers equals the heat absorbed by the cooling water from the chiller condensers, as shown in Eq. (5). The heat generated in the chiller condensers is assumed equal to the sum of the cooling load and the power consumed by the chiller compressors as expressed by Eq. (6). The cooling water is assumed to be distributed to each operating cooling tower evenly to allow all cooling towers to operate at good efficiency. For the CTA towers and CTB towers, the distributed water mass flow rates can be determined according to Eqs. (7) and (8), respectively. The search range of the operating number of cooling towers is bounded as Eq. (9), in which the minimum number approximately guarantees that the cooling water distributed to each cooling tower does not overflow from the water distribution basin on the top of the cooling towers, while the maximum number intends to reduce the maintenance costs and extend the service life of the cooling towers to some extent in the long run. It is worthy noticing that the cooling water system cannot always be controlled to operate at the low temperature set-point provided by Strategy #1 (the fixed set-point method), and the maximum limit of the operating number of the cooling towers for Strategy #1 is therefore further increased till to eleven if the predicted fan frequencies corresponding all possible operating numbers of the cooling towers defined by Eq. (9) exceed the design input frequency of the cooling tower fans. To avoid the low condenser water supply temperature set-point causing the low pressure problems in the chillers, the low limit of the condenser water supply temperature set-point is bounded to 18°C. The input frequency to the cooling tower fans is bounded between 20 Hz and 50 Hz.
Description of the System Performance Models Used
Detailed physical models and purely data-driven models are not the proper choice for online control applications. In general, purely data-driven models cannot always ensure stable performance prediction although they are simple. Detailed physical models always require high computational costs and memory demands as well as a lot of iterations, which may seriously prevent their online control applications, although they are effective. For online applications, the models utilized in the control system preferably have simplified structures with certain physical significance to ensure stable performance prediction and acceptable accuracy over a wide range of operation conditions. The models should also require less calibration efforts with readily available operation data, less computational costs and memory demands [17] . In this study, a simplified chiller model and a simplified cooling tower model were used to design the five control strategies.
Simplified Chiller Model
The chiller model utilized is developed based on the fundamental principles of thermodynamic and the heat/mass transfer processes in the chillers [7] . A fictitious refrigeration cycle (1′-2′-3′-4′), as shown in Fig. 3 , is assumed to simplify the complicated thermodynamic processes occurring in the refrigeration system. The chiller evaporator and condenser are simulated using the classical heat exchanger efficiency method. The overall heat transfer coefficients of the evaporator and condenser are represented empirically as Eqs. (10) and (11), respectively. The fictitious refrigerant mass flow rate is calculated as Eq.
(12), which is based on the actual evaporator cooling energy and the enthalpy difference between the fictitious point 1′ and point 3′ in the fictitious cycle. The fictitious power, as in Eq. (13) , is the product of the fictitious refrigerant mass flow rate and the enthalpy difference between point 2′ and point 1′ in the fictitious refrigeration cycle. An empirical polynomial as in Eq. (14) is used to characterize the relationship between the actual chiller power consumption and the fictitious power consumption.
Simplified Cooling Tower model
The cooling tower model utilized is the so-called "Toolkit model" [18] . In this model, the cooling tower was modeled as an equivalent heat exchanger. In terms of the fundamental laws of heat and mass transfer phenomena occurring in the cooling tower, the energy balances on the air side and water side can be computed using Eqs. (15) and (16), respectively. The heat transfer between the water and air is simulated using Eq. (17) . Since both the air flow rate and water flow rate flowing through the cooling towers can be varied, the number of transfer unit (NTU) is modified and computed using Eq. (18). The water temperature leaving the cooling towers can be calculated through the energy balance on the water side. The fan operating frequency and power consumption can be predicted using empirical formulas as shown in Eqs. (19) and (20), respectively. For the application of this model, the outlet variables are obtained in an iterative manner by initially assuming a temperature difference of 5°C between the inlet and outlet air wetbulb temperatures.
Descriptions of the Virtual Building System and Communication Platform
Description of the Virtual Building System
A virtual building system representing the real building and its central chilling system was constructed for energy performance study and for testing the performance of alternative control strategies [10] . This system was constructed based on a transient simulation program TRNSYS [19] . It was originally constructed using the similar way as the virtual systems constructed in Refs. [8, 9] , in which all controllers, major component models and their interconnections are programmed and integrated into the same simulation environment. In order to test the performance of the control strategies as a manner similar to the way that they will be implemented in practice, all controllers except PID controllers are separated from the virtual building system and they are complied as a separate package under Matlab environment. This package will act as the control optimizer providing the control settings for the virtual building system managed by a communication platform via an interface. Since the construction of the virtual building systems has been well presented in a number of studies [8, 9, 11] , the detailed description of the construction of this virtual building system is not provided here. Since the chiller and cooling tower models play significant roles in the virtual building system to test and evaluate the performance of alternative control strategies for cooling water systems, a brief summary of both models is provided here below. It is worthwhile to note that the models used in the virtual building systems could be very detailed to well represent the real systems, which is significantly different from the models used by the online control strategies.
Chiller Model Used in the Virtual Building System
The chiller model used to construct the virtual building system is a detailed physical model presented in Ref. [8] . 
Given the evaporator pressure, condenser pressure and inlet guide vane angle, the compressor model can calculate the radial velocity and specific volume at the impeller exhaust and, thus, the refrigerant mass flow rate and internal power. The evaporator and condenser are simulated using the classical heat exchanger efficiency method. The chiller power consumption is calculated on the basis of the internal compression power (P inter ), as shown in Eq. (26).
Cooling Tower Model Used in the Virtual Building System
The cooling tower model used to construct the virtual building system is the effectiveness model presented in Ref. 
Description of the Communication Platform
The IBmanager supports the customized development of various IB subsystems. Fig. 4 illustrates the system architecture of the communication platform based on IBmanager, which includes the client side and server side. The client side is mainly the human machine interface with functions of supervisory displays and the access on configuration database and historical database based on ASP (Active Server Pages). In the server side, IBserver realizes real-time data access, weather information access, configuration data access, and historical data access, as well as data format transformation and data distribution. In this study, this communication platform is used to achieve the data exchanger between the package of the control strategy and the virtual building system through a file point driver.
For in-situ implementation, the package of the control strategy will communicate with the BAS by means of this communication platform through a proper interface, i.e., BACnet driver, OPC or XML driver, etc.
Performance Test and Evaluation of Control Strategies
Since the building under study is still at the construction stage, the hourly-based annual building cooling load profiles of this building were calculated using EnergyPlus based on the design data and hourly-based weather data for the typical year in Hong Kong. The hourly-based annual ambient wet-bulb and dry-bulb temperature profiles in the typical year in Hong Kong are shown in Fig. 5 . In this study, a simple chiller sequence strategy was used to control the operation of the chillers. Using this strategy, one more chiller is switched on when the operating chillers are fully loaded and one of the operating chillers is switched off when the remaining chillers can handle the current building cooling load. For Strategy #5, the search range in Eq. (3) was bounded within ±2.0 K and the exhaustive search method found the global optimal solutions within the limited search range with a 0.1 K increment.
Setup of the Tests
The overall test and evaluation platform of the control strategies is illustrated in Fig. 6 .
The virtual building system is used to represent the real building and its central chilling system to produce the status data (i.e., online operation data), while the package of the control strategy acting as the control optimizer is computed by Matlab and complied as a DLL (dynamic link library) module invoked by IBmanager. During the tests, the building cooling load and weather data including air wet-bulb temperature, air dry-bulb temperature were provided via a data file to the virtual building system. The online measurements, including the number of chillers in operation, outdoor air dry-bulb and wet-bulb temperatures, the chilled water supply and return temperatures, which represent the current working condition of the cooling water system, are collected from the virtual building system and then transferred to the control optimizer by the communication platform for control supervision. The control optimizer seeks the most energy efficient control settings (i.e., the number of CTA towers operating, the number of CTB towers operating, and the condenser water supply temperature set-point) for the given condition according to the received status data and then transferred these control settings to the virtual building system through the communication platform to achieve energy efficient control and operation.
Training of the Near Optimal Control Strategies
To evaluate the performance of different control strategies, the coefficients in Strategies #3 and #4 need to be identified firstly. Using the performance models, cost function and operating constraints presented previously, a model-based control strategy using the exhaustive method as the optimization tool can be easily designed. Using this model-based control strategy, the hourly-based optimal condenser water supply temperature set-points for all working conditions in the whole year operation of that building can be simulated based on the hourly-based whole year building cooling loads and hourly-based weather data, within a wide search range of the condenser water supply temperature set-point (low limit is 18°C, and upper limit is 34°C) and with an increment of 0.1 K. Two performance maps associated with major variables for Strategies #3 and #4 can then be generated using these identified optimal condenser water supply temperature set-points and the coefficients in Eqs. (1) and (2) can then be identified. The regression using the least-square regression method gives that the coefficients in Eq. (1) 
Test and Evaluation of the Five Control Strategies
In the following two exercises, the performance of the five control strategies was tested and evaluated in terms of their control accuracy, computational performance and energy performance.
Exercise 1: Test and Evaluation of Control Accuracy and Computational Performance
In this exercise, the control accuracy and computational performance of the five control strategies were tested and evaluated using two typical data points: one is the spring case and the other is the sunny-summer case. By comparing the power consumption predicted by each control strategy with the corresponding power consumption 'measured' from the virtual building system resulted by the application of the control settings identified by each strategy, the effectiveness and efficiency of each control strategy can be evaluated. Table 1 summarizes the identified control settings and predicted power consumption as well as the online measurements collected from the virtual building system using the control settings identified by each control strategy in the two typical cases. It can be found that the operating numbers of CTA towers and CTB towers identified by the five strategies for two cases are the same, but the temperature set-points are significantly different, causing that the fan operating frequencies are different. Among the five control strategies, the identified temperature set-points, and predicted and 'measured' power consumptions of the chillers and cooling towers using Strategies #3, #4 and #5 are very similar. These three strategies also consumed the least energy as compared with that of Strategies #1 and #2
according to both predicted and measured power consumptions. It also can be observed that the power consumptions predicted by each strategy agreed well with that of their corresponding measurements collected from the virtual building system although they are some deviations existed between two sets of power consumptions due to the model prediction. However, such deviations are acceptable for practical applications.
In the sunny-summer case, the outdoor air temperature and building cooling load are relatively higher, and the virtual building system cannot be controlled to operate at the low temperature set-point provided by Strategy #1. Therefore, the control optimizer can only predict that all towers need to be operated at their design frequencies, but the power consumption of the chillers cannot be predicted in that the actual condenser water supply temperature is unknown. When using this low temperature set-point to practically control the operation of the virtual building system, the actual temperature that can be reached was 27.24°C.
The computational costs of the five control strategies were tested to evaluate their computational performance for practical applications. The tests were conducted under the Matlab environment with the same computer and the results are presented in Table 1 as well. The computer configurations used in the tests are described as follows. The operation system is the Microsoft windows XP professional, and the processor is the Intel(R) Pentium(R) 4 CPU 3.20GHz (2 CPUs), and the memory is 2040MB RAM. The average computational costs required by the five strategies varied from 0.132s to 0.152s for the sunny-summer case and from 0.137s to 0.175s for the spring case, which demonstrates that the computation costs of these five strategies are generally manageable and can satisfy the requirements of practical applications.
Due to the strategies were tested as a manner similar to situation when they are actually implemented in practice, the above results also demonstrate the effectiveness of this test method for evaluating the performance of alternative control strategies prior to in-situ implementation.
Exercise 2: Test and Evaluation of Energy Performance
In this case, two typical days, which represent the typical operation condition of the airconditioning system in the spring and sunny-summer, respectively, were selected to test and evaluate energy performance of the five control strategies. In the following study, the performance of Strategy #1 was used as the benchmark for comparisons. Table 2 presents the online measured and predicted daily power consumptions of the chillers and cooling towers using the five different strategies in the two typical days. Due to the same reason as presented in Exercise 1, the power consumption using Strategy #1 cannot be predicted and, therefore, is not provided in Table 2 . Compared with the online measured power consumption using the control settings of Strategy #1, about 6,899.6 kWh (10.79%) and 23,852.0 kWh (21.27%) energy can be saved when using the control settings provided by Strategy #2, while about 9,413.1 kWh (14.73%) and 24,733.6 kWh (22.05%) energy can be saved when using the settings provided by Strategy #3 in the typical spring day and sunny-summer day, respectively. It also can be found that Strategy #4 saved about 9,169.6 kWh (14.35%) and 24,779.6 kWh (22.09%) energy while Strategy #5 saved about 9,481.4 kWh (14.83%) and 24,856.9 kWh (22.16%) energy in the typical spring day and sunny-summer day respectively, as compared with that using the settings of Strategy #1.
Among these five strategies, Strategy #5 is the most energy efficient and cost effective.
It is noted that the differences between the online measured power consumptions and predicted power consumptions using the five control strategies are within 1.31%-1.84% and within 2.43%-2.84% in the typical spring day and sunny-summer day, respectively. It is expected that the actual differences in practical applications might be smaller than that presented in this paper since the models used in the control system and virtual building system are different and both types of models have their own prediction deviations although they are trained using the same performance data.
Figs. 7 and 8 present the profiles of the online measured water temperature leaving cooling towers from the virtual building system using the control settings provided by different control strategies in the typical spring day and sunny-summer day respectively. It can be found that the measured temperatures using different strategies are significantly different. It is worthy pointing out that the cooling water system can always be controlled to operate at the temperature set-points provided by Strategies #2-#5. However, the system cannot always be controlled to operate at the low temperature set-point provided by
Strategy #1, especially in the typical sunny-summer day. The large difference between the measured water temperature leaving cooling towers and the fixed temperature set-point provided by Strategy #1 further verified the ineffectiveness of this strategy.
Figs. 9 and 10 present the differences of the hourly-based measured power consumptions between Strategies #2-#5 and Strategy #1 in the typical spring day and sunny-summer day, respectively. It can be observed that a substantial amount of energy can be saved when Strategies #2-#5 are used as compared with that using Strategy #1. It also can be found that Strategies #3, #4 and #5 can save more energy than that of Strategy #2. It is of interest to note that the power saving profiles in the typical spring day and sunnysummer day are significantly different. The reason is that the cooling water system was never controlled to operate at the low temperature set-point provided by Strategy #1 in the typical sunny-summer day due to the higher ambient air wet-bulb temperatures, which results that all cooling towers were operated at their design frequencies even though the cooling load requirement is still relatively low.
Based on the above study, it can be concluded that Strategy #5 is the most promising strategy while Strategies #3 and #4 are also the energy efficient and cost effective strategies.
These there strategies are still simple and easy to implement in practice.
Conclusion
This paper presents the online testing and evaluation of the performance of five practical strategies for cooling water systems to identify the best strategy for later field implementation and validation. These strategies were tested against a virtual building system. To the control strategies and software, the test environment is similar to the situation when they are actually implemented in real buildings. The test results showed that all these five strategies have satisfactory computational performance for practical applications. The optimal control strategy (Strategy #5) is the most promising strategy among the selected strategies while two near optimal strategies (Strategies #3 and #4) are also energy efficient and cost effective as compared with the fixed set-point control method (Strategy #1) and the fixed approach control method (Strategy #2). It is worthy noticing that near optimal strategies can only provide the condenser water supply temperature setpoint, but they cannot provide the best operating combination of the number of cooling towers in operation and their individual fan speeds that can control the system to operate at the desired temperature set-point. Therefore, the near optimal strategies should be further designed to enhance the operating efficiency of cooling water systems if they are considered to be used in practice.
The tests results also demonstrate that the test method used in this study is technically feasible and effective to evaluate the performance of alternative control strategies prior to in-situ implementation. The most promising strategy (Strategy #5) identified in this study is being implemented in a super high-rise building in Hong Kong for field application and validation. 
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